A quantum chemical study of the efficiency of some o-, m-, and p-substituted benzohydrazides, cinnamohydrazide, and Schiff bases derived from salcylaldehyde with o-substituted anilines, psubstituted benzaldehydes with 2-aminopyridine and 2-aminopyrimidine, benzaldehyde and cinnamaldehyde with p-phenylenediamine as corrosion inhibitors of steel in the presence of 1M HCl is presented. The AM1, PM3, MINDO/3 and MNDO semi-empirical SCF molecular orbital methods were used. A possible correlation between corrosion inhibition efficiencies and structural properties was searched to reduce the number of compounds to be selected for testing from a library of compounds. Quantum parameters, total negative charge (TNC) on the molecule, energy of highest occupied molecular orbital (E HOMO ), energy of lowest unoccupied molecular orbital (E LUMO ), dipole moment (µ), total energy (TE), and linear solvation energy terms, molecular volume (Vi) and dipolar-polarization (π*) were correlated to corrosion inhibition efficiency of the studied compounds. The results were used to predict the corrosion inhibition of some related aromatic hydrazide derivatives with correlation coefficient r > 0.96.
Introduction
The dissolution rate of steel during cleaning, pickling, and scaling etching is quite high in acidic medium; the inhibition of such dissolution may be achieved with organic compounds containing π electrons and/or hetero atoms (i.e. N, O and S) which can be adsorbed on the metal surface.
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The effect of concentration, functional groups and halide ions of quaternary ammonium inhibitors as well as the effect of N-and S-containing organic compounds such as substituted bis(4-dimethylaminophenyl)-1,3,4-thiadiazole, 11 2-mercaptothiazoline, cetyl pyridinium chloride 12 and heterocyclic anils has been reported. [13] [14] [15] The efficiency of an organic inhibitor of metallic corrosion does not only depend on the structural characteristics of the inhibitor but also on the nature of the metal and environment. The selection of a suitable inhibitor for a particular system is a difficult task because of the selectivity of the inhibitors and a wide variety of environments.
Quantitative structure activity relationship (QSAR) has been the subject of intense interest in medicinal chemistry, but to a less extent in the field of corrosion. 3, For the development of new corrosion inhibitors, the aim of this work is to correlate the structural characteristics of hydrazides and Schiff bases with their corrosion inhibition efficiency at different inhibitor concentrations in aqueous acid solutions. The development of equations for calculating the corrosion inhibition efficiency may lead to a prediction of the efficiency of some inhibitors; this should enable the selection of compounds for tests from a large number of compounds that can be developed by the concept of combinatorial chemistry and constructed compound libraries. To this end, the relation between the inhibition efficiency and quantum chemical calculation parameters, E HOMO , E LUMO , dipole moment, total negative charge on molecules, and linear solvation energy relationship was investigated.
Methods of calculations
Quantum calculations were carried out using Restricted Hartree-Fock (RHF) level and AM1, PM3, MNDO and MINDO/3 semi-empirical SCF-MO methods in the MOPAC 2000 program of CS ChemOffice packet program version 8 for Windows. 39 Calculations were performed on an IBM compatible Intel Pentium IV 2.8 GHz computer. All quantum theoretical calculations were starting without any geometry constraints for full geometry optimizations using the program default calculation setting. The following quantum chemical indices, depending on the try and error in the SPSS program in solving the non-linear equations were considered: the energy of the highest occupied molecular orbital (E HOMO ), the energy of the lowest unoccupied molecular orbital (E LUMO ), the dipole moment (µ), total negative charge (TNC) and total energy (TE) on the molecule, as well as the linear solvation energy relationships (LSER) parameters, intrinsic molecular volume (Vi) and dipolar-polarizability factor (π*). [40] [41] [42] Statistical analyses were performed using SPSS program version 10.0 for Windows. Non-linear regression analyses were performed by unconstrained sum of squared residuals for loss function and estimation methods of Levenberg-Marquardt using SPSS program version 10.0 for Windows. Quantum chemical parameters of compounds 1-18 (Table 1) , E HOMO (eV), E LUMO (eV), µ (Debye), TNC and TE (eV), linear solvation energy parameters (LSER), the intrinsic (van der Waals) molecular volume Vi (cm 3 /mole) and dipolar-polarizability term (π*) in the LSER model, were used to scale the solute electrostatic stabilization of molecular charge by using methods of Hickey and Passino-Reader [19] . The correlation analysis between quantum parameters E HOMO , E LUMO , µ, TE, and Vi and E exp (%) for compounds 1-18 shows significant correlations (p<0.001). The inhibition efficiency increases if the compound can donate electrons from its HOMO to the LUMO of the metal, whereby chelation on the metal surface occurs. Thus, the inhibition increases with increasing values of E HOMO and µ, and decreasing values of E LUMO . The highest value of E HOMO was found Compared to compounds 5-7 the effectiveness of compound 14 as corrosion inhibitor may be attributed to the presence of an additional C=C double bond in conjugation with the aromatic ring and the C=N bond in 14. Similarly, compound 4 is a more effective inhibitor than 2 and 3 due to the additional C=C double bond. This may play a major role in increasing molecular adsorption to the metal surface due to the π-electron delocalization extending over the aromatic ring, the C=C, and C=O or C=N double bonds in 4 and in 14, respectively. Although a number of satisfactory correlations [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] have been reported for the inhibition efficiency of various inhibitors and selected quantum chemical parameters, no simple relation or direct trend relationship can be derived for such classes of inhibitors. A non-linear regression analysis was used to correlate quantum chemical parameters (E HOMO , E LUMO , µ, TE), LSER (Vi, π*) and inhibitor concentrations (C i ) with the experimental inhibition efficiencies obtained by weight loss methods for compounds 1-18. Thus, a composite index of more than one quantum parameter, which might affect the inhibition efficiency of molecules was correlated with the experimental corrosion inhibition efficiencies. The nonlinear equation was derived from the linear model, 57 which approximates the corrosion inhibitor efficiency (E cal %):
(1) A and B are constants obtained by regression analysis; x j is a quantum chemical index characteristic for the molecule j; C i denotes the experiment's concentration. Equation 1 was used to derive equation 2, which is the non-linear model (NLM) proposed by Lukovits and coworker 58 for studying the interaction of corrosion inhibitors with metal surfaces in acidic medium.
In the non-linear method of analysis, multiple regressions were performed on inhibition efficiencies of compounds 1-18 at a concentration range from 0.07 to 10.0 mM ( Table 2) . Nonlinear equations 3 and 4 were obtained for AM1, where x j is a composite index of selected quantum chemical parameters E HOMO , E LUMO , µ, TNC, π * and Vi in equation 3, and E HOMO , E LUMO , µ, TNC, π* and Vi in equation 4. Calculated efficiencies from such equations at different concentrations of compounds 1-18 illustrate good correlation with experimental efficiencies (E exp %) with correlation coefficients r = 0.976 and 0.9696, respectively.
The non-linear model equations 5 and 6 proposed for PM3 on compounds 1-18 shows correlation coefficients between E exp (%) and E cal (%), r = 0.9696 and 0.9691. The x j represents a composite index of selected quantum parameters E HOMO , E LUMO , µ, π* and Vi in equation 5 and E HOMO , E LUMO , µ and Vi in equation 6 .
The non-linear model for MINDO/3 is represented in equation 7 with correlation coefficient r = 0.9752 between the E exp (%) and E cal (%), where x j is the quantum parameters E HOMO , E LUMO , µ, TE, TNC, π* and Vi. Regression analysis for the quantum parameter obtained by MNDO calculation leads to propose the non-linear equations 8 and 9 with correlation coefficient, r = 0.9771 and 0.977, respectively between E exp (%) and E cal (%). The x j in both equations is the quantum parameters E HOMO , E LUMO , µ and TNC as well as LSER parameter Vi. Table 2 ). The high correlation coefficients (r ~ 0.97) obtained from the seven proposed QSAR equations 3-9 are strong evidence for the participation of quantum parameters E HOMO , E LUMO , dipole moment, TE and LSER in the inhibition efficiency of compounds 1-18. A higher value of E HOMO of the inhibitor indicates the ability of the molecules to offer electrons to d orbitals of metallic steel and a higher inhibition efficiency of the inhibitor for steel in acidic medium. The negative coefficients of E LUMO in equations 3-9 indicate that d orbitals of steel donate electrons to the d orbital of the Schiff bases leading to the presence of a feed back bond. The presence of feed back bonds leads to an increased chemical adsorption of inhibitor molecules at the steel surface, thus increasing the inhibition efficiency of these compounds (Tables 1 and 2) . The above calculations prompted us to evaluate the results in a method for predicting the corrosion inhibition of some analogues of hydrazides 1-3 in order to reduce the number of tested compounds for inhibition efficiency. Consequently, the inhibition efficiency can be treated as a controlled property via the change of electronic properties of compounds by changing their functional groups. Thus, 14 proposed hydrazides 19-31 ( Figure 4) were subjected to similar methods of quantum calculations (Table 3 ). The seven proposed models (Eqs. 3-9) were applied at concentration ranges from 0.2 to 1.0 (Table 4) . All seven equations give a high corrosion inhibition for the 14 proposed compounds with average inhibitions fluctuating between 30.25 to 95.36% and standard deviations ranged from ±1.9 to ±16.7 (Table 4) . Changing the position of the OH group in compound 2 to m-and p-positions as in 19 and 20, respectively, leads to a decrease of E HOMO and E LUMO values and increases E cal (%). On the other hand, replacing the OH group in hydrazide 2 by SH (21) shows an increase of the calculated inhibition efficiency. In addition, changing the substitution position from o-SH to m-and p-SH increases the inhibition efficiency even more, and replacing SH by SMe gives a higher inhibition efficiency. However, introducing OMe at o-, m-and p-positions of 1 as in compounds 26-28 shows not much of a change of the average E cal (%) (Table 2 and 4) . The average E cal (%) obtained for compounds 19-31 using equations 3-9 is decreased in the following order:
Electron-donating substituents at the aromatic rings of the studied compounds increases the basicity of nitrogen atoms and hence increases its proton affinity and charge. Thus by making suitable substitutions in the parent inhibitor molecule an improvement in the degree of corrosion inhibition was achieved. may be useful in designing new inhibitors by selecting appropriate substituents in the parent molecules. The QSAR approach may be used to find the optimal group of parameters that might predict the structure of a molecule suitable as an inhibitor. The quantum mechanical approach may well be able to foretell molecular structures that are better for corrosion inhibition purposes if taking into account that the effect depends only on the inhibitor molecule's properties.
